This report describes the Tier 1 LDRD portfolio, administered by the Seniors' Council between 2003 and 2011. 73 projects were sponsored over the 9 years of the portfolio at a cost of $10.5 million which includes $1.9M of a special effort in directed innovation targeted at climate change and cyber security. Two of these Tier 1 efforts were the seeds for the Grand Challenge LDRDs in Quantum Computing and Next Generation Photovoltaic conversion. A few LDRDs were terminated early when it appeared clear that the research was not going to succeed. A great many more were successful and led to full Tier 2 LDRDs or direct customer sponsorship. Over a dozen patents are in various stages of prosecution from this work, and one project is being submitted for an R and D 100 award.
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Introduction
In 2001 the Seniors' Council, which advises the Chief Technology Officer (VP of R&D), was asked to review the Laboratory Directed Research and Development (LDRD) program. Their report is attached in Appendix A. One of their recommendations was that the LDRD office establish what became known as the Tier 1 LDRD Investment Area. Tier 1 LDRDs were designed to be small (~$100k), short term (12-24 month duration), feasibility studies that would resolve some key aspect of a research area. One important attribute of the portfolio was that the proposal process was asynchronous with the regular LDRD program -acknowledging that good ideas can happen at any time. A primary criterion of the portfolio was that the research would resolve some key unknown that would allow the work to continue under the regular LDRD program or under direct customer sponsorship. In either case, the research risk was significantly lower after the Tier 1 project was completed. We also attempted to accept substantially more risk than the regular LDRD program.
Evaluation Criteria
Proposals were generally solicited informally (Daily News announcements, word of mouth) although there was a formal call on the LDRD web site describing our research area. Once a Principal Investigator (PI) contacted any member of the Council, we assigned a cognizant senior from the Council to work with the PI on preparing a proposal. We attempted to have the cognizant senior be competent in the research area, but this was not always possible.
The cognizant senior would work with the PI to craft a proposal suitable for Tier 1 funding. The key unknown must be carefully identified, a clear attack plan described for resolving the issue, and a success metric carefully designed. The cognizant would often have to iterate multiple times with the PI to obtain a cogent proposal. Once the proposal was complete, the cognizant would find several technical reviewers, sometimes from outside Sandia, to evaluate the proposal. The entire Council was given the opportunity to read the proposal, and at one of our monthly meetings, we would discuss the proposal, get a recommendation from the cognizant, and vote on whether to fund or not. On multiple occasions, there was sufficient interest or confusion that we asked the PI to come and present to the Council. We could then ask more detailed questions and come to a better funding decision.
We only funded about half of the ideas that were brought forth for a variety of reasons; the most common being that the PI could not bring sufficient clarity to the key unknown to convince us of its importance. Some of the proposed ideas were rejects from the regular LDRD process. Those that were considered too risky or involved multiple investment areas we considered. Those that were correctly rejected by regular LDRD process (Tier 2) we generally did not consider further.
Funding Profile
The Tier 1 effort was originally targeted at $1M per year As can be seen in Figure 1 , the funding applied varied significantly from the nominal $1M over the years. In some years, good, creative proposals simply did not show up, and we did not fully use the money. In FY11, the remainder of the funds was redirected to the Early Career LDRD pool.
It is worth noting that in several cases Tier 1 LDRDs were augmented by Tier 2 late start money but this appears as Tier 1 funds. Finally, the impact of an additional $1M per year in FY09 and FY10 is evident. These additional funds were applied equally to Climate Change and Cyber Security in an attempt to get more innovative ideas started. The Cyber Security LDRDs have formed much of the basis for the current Cyber Investment Area research. One of the Climate Change investigations on the unintended consequences of climate mitigation turned out to be very useful when the GAO started investigating this area, and it turned out that we had already considered the impacts of upper atmosphere aerosol injection. Figure 2 shows that we generally funded each LDRD at a ~$100k level, though some were larger and some smaller. Many of these projects spanned two fiscal years due to the asynchronous nature of our process.
Impact
It is early to judge the impact of some of the more recent projects. Remember that these were chosen to be at the TRL 1 level -ideas that needed some fundamental study either through modeling and simulation, analysis, or experimentation to measure some fundamental unknown. It takes years for this sort of work to reach fruition.
However, our early investment in quantum computing in 2005 eventually led to the creation of a quantum computing Grand Challenge LDRD (Tier 3). Additional Tier 2 LDRD funding moved the technology from our Tier 1 level to the Grand Challenge level. Similarly, we invested early in high efficiency photovoltaic work that is just now starting as a Grand Challenge.
Early in the portfolio, some of the Tier 1 LDRDs filled the role now filled by Early Career LDRDs. A number of new staff members took advantage of the mentoring by the cognizant Senior in learning how to write successful LDRD proposals, and have gone on to further success in the R&D community at Sandia. Notable here is Chi Chi May, Alec Talin, and Susan Altman.
We don't have good statistics on the number of publications that grew out of this research.
Tier 1 Directed Innovation
Number of Projects
Intellectual Property
Many of the reports generated in the LDRD process have Patent Caution limitations, and we know of others that published the report after the patent was applied for, so a reasonable number of patents have come out of the process. Eleven of the final reports had Patent Cautions, and interestingly, the Directed Innovation work in Cyber Security accounted for
We encouraged the PIs to file appropriate technical advances (TAs) and patents. A recent run of the patent database showed that 40 TAs were filed, and 13 patents are in various stages of prosecution. Thus, over half of the 73 projects generated TAs. Some of the projects generated multiple patent applications. There were numerous provisional patents also filed, some of which were abandoned and some of which were eventually filed. Also, if the patents were filed as the result of Tier 2 LDRD follow-on work, we would not find these in the database. 
Introduction
The Laboratory Directed Research and Development (LDRD) program was established at the DOE national laboratories to help maintain their technical vitality. It is critical to attracting and retaining the highest quality researchers. Reviews of the LDRD program at Sandia National Laboratories by external review groups have found the program to be. For example, a recent report by the Government Accounting Office found that LDRD programs at the national laboratories ". . .met DOE's guidelines" and "Adequate management controls exist to reasonably ensure compliance with LDRD's Guidelines" (GAO-01-927, September 2001).
However, within Sandia there is dissatisfaction with the LDRD program. Management is concerned about whether the LDRD program is fulfilling its promise. For example, is the program yielding truly innovative changes or are its contributions incremental in nature? Is the administrative overhead of the program excessive? Is it diluted by being spread over too many technical disciplines? Among staff, there is dissatisfaction with the program even among those who have successfully competed for funding, (as documented by the Summer 2001 Science and Technology Employee Satisfaction Survey). Many feel that it is not worth the effort to develop an LDRD proposal.
As part of its effort to address these dissatisfactions, the Mission Council asked the Senior Scientists and Engineers to review the LDRD program over the next year. This document represents Phase 1 of that review. In Phase 1 we identify issues associated with the LDRD program, suggest preliminary ideas for addressing selected issues, including the use of external review panels, and propose steps for Phase 2 of the review.
Issues
In Phase 1 we identified issues in four categories: program objectives, program strategy, program design, and the review process. These are summarized in Table 1 and discussed in the following subsections. − Does the shrinking research time horizon result in more incremental projects?
The Design of the LDRD Program May Exacerbate Problems
− Should there be an explicit process to link projects at different scales i.e., development of a bright idea, regular LDRD, and grand challenges?
− Can we establish a more flexible schedule for proposals to increase creativity and to avoid hastily-written last-minute proposals?
− Should we establish guidelines for market and competition analysis as part of the LDRD proposal process?
− Are existing success metrics adequate?
The Review and Approval Process is Often Inadequate
− Does management inappropriately pre-determine the outcome of the selection process?
− Can we select reviewers based on technical qualifications rather than on availability?
− Are internal reviewers capable of assessing proposals that lie outside traditional Sandia strengths?
− How do we know that investigators are qualified to perform proposed work?
− Do external review panels function as advocates rather than as objective reviewers?
A. Issues: Objectives of the LDRD Program
The LDRD programs at the DOE national laboratories have five objectives:
• Maintain the scientific and technical vitality of the laboratories,
• Enhance the laboratories' ability to address future DOE missions
• Foster creativity and stimulate exploration of forefront science and technology
• Serve as a proving ground for new research
• Support high-risk, potentially high-value R&D.
Clarifying these objectives and defining an appropriate balance among them is needed to guide LDRD program strategy and design. There is tension between the focus on "maintaining capabilities" as identified in the first objective and "developing new capabilities" as implied by the latter two. Also, the desired balance between "applied research" and "fundamental research" is not clear.
Articulating the balance between "maintaining existing capabilities" and "developing new capabilities" is particularly important as the funding level for Defense Programs Research Foundations (DP RF) declines (from >$100M in the 1980s, to ~$70M in the 1990s). LDRD activities now play a much larger role in "maintenance of existing capabilities," thereby decreasing the investment in more forward-looking objectives. Extrapolation of trends suggests that LDRD could shift to a predominantly "maintenance" role in the future. Indeed, changes mandated by Congress to the DP RF funding levels have already resulted in LDRD becoming an important source of funding for the maintenance of some weapons systems capabilities at Sandia.
Preparation to meet future mission needs of the Department of Energy (the second objective) is addressed through the LDRD Mission Technologies and Science and Technology Investment Areas. The structure of these investment areas is very complex, and is difficult for the uninitiated to navigate. Indeed, this labyrinthine structure may itself be a problem. These activity areas address both the DOE weapons mission and a broader set of possible future missions.
The third objective of the LDRD program is to stimulate exploration at the forefront of science and technology, and is potentially much broader than "future DOE missions." It also implies a need to use LDRD to fund fundamental or basic science research. Currently, fundamental research appears to receive less LDRD funding than do projects that address the first two objectives.
Senior management needs to address explicitly the appropriate balance among the objectives of the LDRD program.
B. Issues: Strategy of the LDRD Program
Without a clear articulation of the relative balance of the objectives, the strategy of the LDRD program has become unfocused. Strategic issues that should be addressed include the lack of technical roadmaps for many Sandia programs, reduced average funding per LDRD, and the need for appropriate metrics to monitor success of the LDRD program.
Clear strategies or roadmaps for investment are lacking or ignored in many program areas at Sandia. Good technical roadmaps identify critical hurdles and technical challenges that would be natural targets for LDRD proposals. Developing, communicating, and updating technical roadmaps could be an important step in increasing the relevance of LDRD projects. At Sandia, technical roadmaps are often formulated at too high a level and with insufficient detail to be effective in attracting LDRD proposals. In addition, investment areas often do not have lifetimes consistent with the progression of LDRD research. Qualitative technical calls are often reformulated dramatically on an annual basis, whereas a typical LDRD project lasts up to three years.
Effective technical roadmaps would also provide a framework for addressing other sources of dissatisfaction with the LDRD program at Sandia: they could improve linkages between LDRD projects and the technical strategies adopted by each of the investment areas, and linkages between LDRD efforts with ongoing, funded work. They would also provide a framework for assessing the implications and follow-on opportunities of LDRD projects after they are complete.
Another strategic issue is the growing number of LDRD investment areas. The number of investment areas supported by the LDRD program has grown by more than 50% in the last three years (from 11 in 1999 to 17 in 2002) while overall funding has remained around $80 million (See Attachment 1 for more details). The consequence is less LDRD support for any single investment area, which may contribute to smaller LDRD projects. For example, the average size of an LDRD project for FY1996 through FY1998 was $295K, whereas in FY2001 the average size is $252K. At other NNSA laboratories the average FY2001 project sizes were $345K for LANL and $283K for LLNL. Figure 1 shows the distribution of LDRD projects in FY2001 as a function of size. 
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A review of the Sandia patent database shows that Grand Challenge LDRD projects generate about more patent disclosures as do normal LDRD projects, and are much more productive than externally funded Sandia projects. This may indicate that intellectual property generation scales with the size of the investment, or that multidisciplinary research of the type done in Grand Challenge LDRD projects is especially fertile. Understanding the connection between project size and productivity clearly deserves further attention.
To summarize the strategic issues, a lack of well-defined technical roadmaps, combined with shrinking research time horizons and growth in the number of investment areas may underlie trends toward less relevant LDRD proposals that are incremental in nature. This results in incremental improvements in maintenance of existing programs, and relatively small advances in future programs and innovation.
C. Issues: Design of the LDRD Program
Funds available for the LDRD program at Sandia are apportioned by the Mission Council between Grand Challenge LDRDs for large multidisciplinary research efforts (up to several million dollars) and smaller, regular LDRDs (on the order of $250K). There is no small-scale category of LDRD to develop "bright ideas." Nor is there an explicit process to link projects funded at different scales, i.e., provisions are not made for a natural evolution from "bright idea" to regular LDRD to Grand Challenge. This may limit the productivity of the LDRD program.
The inflexibility of the schedule for submitting proposals is another potential problem. Whereas a fixed schedule may be required for regular and Grand Challenge LDRD proposals, innovative ideas often surface throughout the year. Establishing an ongoing process during the year for funding the development of new ideas could enhance innovation and creativity.
Another problem with the current LDRD program is that requirements for proposals and reports do not meet minimum scientific standards. For proposals, there are no requirements to analyze the potential market for a proposed technology or to demonstrate an understanding of the stateof-the-art outside Sandia. Not only does this discourage investigators from doing adequate "homework" prior to submitting a proposal, it also limits the information available to reviewers. LDRD reports suffer from similar lack of standards: many are received by the LDRD office without peer review. Poor reporting contributes to poor follow-on; and failure to publish results in peer-reviewed journals significantly reduces the value of LDRD research to the larger scientific community. Adopting standards for proposals and reports more consistent with the mainstream scientific community could significantly improve the quality of the LDRD program.
Several metrics have been used for evaluating the LDRD program, including the number of publications, number of citations, and the generation of patent disclosures. Sandia's LDRD activities score highly using such metrics. However, whether they are the right metrics to assess all efforts is an open question. Their applicability to classified activities is also an issue. Examination of the metrics used to evaluate the LDRD program deserves further consideration.
D. Issues: The Review and Approval of LDRD Projects
The process that is used to solicit LDRD proposals and to review those proposals causes great frustration and dissatisfaction among the technical staff. On the highest level, many are concerned that the outcome of the selection process is predetermined by management. This leads to cynicism and a reluctance to make an effort to develop innovative proposals.
A second concern is that reviewers frequently do not have adequate technical expertise, even in the initial stages of review. Often reviewers are selected based on their availability, rather than on their technical qualifications. The result could be that speculative ideas do not get a fair hearing. This is compounded by a perceived bias toward proposals that provide strong evidence of eventual success.
Developing a review process that includes technical peers in addition to reviewers with more general expertise could also address the issue of identifying the need for review by external experts. External reviewers are critical to evaluating ideas that lie outside traditional Sandia strengths. For example, as we move into assessing opportunities for involvement in biotechnology or in applying technology to social problems, external review will be essential to assure our ideas are scientifically valid and relevant. A more complete discussion of the issues associated with external review is provided in the next section.
Changes in the review process alone are insufficient. As noted in the previous section, there is a significant disparity in the standards for proposals in Sandia's LDRD program and standards for proposals in the greater scientific community. Minimum standards would include demonstration of the scientific credibility of the proposed work, a discussion of the state-of-the-art in the research area, the requirements of the investigators to perform the work, and analysis of the competition and of the market. Many Grand Challenge LDRD proposals at Sandia do not meet these standards, some do not even include a bibliography. Even routine searches of patent literature and technology surveys are rarely conducted. These shortcomings in Sandia's program surely contribute to incrementalism and irrelevance.
Preliminary Ideas and Phase 2 Activities
This Phase 1 report has focused primarily on identifying issues with the existing LDRD program. Phase 2 will focus on developing ideas for resolving these issues. Even at this stage we have developed some preliminary ideas concerning the need for technical roadmaps, a possible alternative structure for the LDRD program, and the use of external review panels.
A. Phase 2: Objectives of the LDRD Program
In Phase 2 we will develop ideas for clarifying and balancing potentially competing objectives.
B. Phase 2: Strategy of the LDRD Program
The development and communication of effective technology roadmaps will be considered in Phase 2. If done effectively, such roadmaps can be a useful tool in aligning the resources of an organization to address the most difficult technical challenges. Their development and communication can help establish consensus among staff and management about critical technical challenges and realistic timelines. -Critical Technology Roadmap; October, 1998) .
Evidence also suggests that larger projects may be more productive as measured by standard metrics. However, funding fewer projects at higher levels means that fewer ideas will be pursued. Is there a better mix of sizes for LDRD proposals that will address these issues simultaneously? Can better scientific metrics be proposed to measure the success of the LDRD program? These issues will be addressed in Phase 2.
Table 2. Development And Communication Of Technology Roadmaps Management Responsibility
− Develop and publish program goals (out at least 5 years) that are specific enough to be connected to particular projects.
− Work with key staff to develop and publish a common understanding of specific scientific and technical hurdles (gaps) that must be overcome to achieve these goals.
− Identify which hurdles are likely not to be addressed with programmatic funding and which are therefore good candidates for LDRDs.
− Consistently communicate with staff (and get their feedback) about the goals and critical gaps. Use goals/gaps as criteria in requesting LDRD proposals. If goals/gaps become obsolete, update.
− After the LDRD is complete, review its success in the context of goals/gaps. Follow-up with every LDRD project to determine how its results address key programmatic issues and what additional work should be undertaken.
LDRD Principle Investigator
− Understand goals and gaps of SBU who is target for proposal.
− For "idea proposals" that are unrelated to any existing SBU goals/gaps articulate why the idea could be important to Sandia's future mission. Regular LDRD and Grand Challenge proposals should be aligned closely with gaps/goals.
− In SAND report, address the contribution LDRD made to goals/gaps.
Reviewer
− Explicitly take into account published goal/gap analysis when evaluating proposals.
C. Phase 2: Design of the LDRD Program
The LDRD program involves a variety of objectives, one of which can be to initiate and develop new programs. For this objective, it is useful to look at program models developed elsewhere. In industry, one example is the "stage-gate R&D model" for commercial development, as shown in Figure 2 . New ideas enter on the left side, and must pass though a series of decision gates to proceed on toward a final, useful, commercial product. A staged approach may have useful implications for the LDRD program. Our initial thoughts for the LDRD program plan are represented in a "strawman" tiered structure, as shown in Table 3 . This is a three-tier structure, with distinctly different characteristics for each of the three tiers. Tier 1 is designed to encourage innovation and support new ideas that may or may not be related to existing SNL programs. To insure high scientific quality and encourage fresh ideas, Tier 1 proposals would be reviewed by a neutral, knowledgeable group (e.g., Senior. Scientists). Tier 2 is designed to contribute to existing program areas or newlyendorsed areas. Tier 2 proposals would be reviewed by investment area teams for programmatic considerations. Tier 3 (more like the current Grand Challenge LDRD) would lead to major multi-discipline programs. Tier 3 proposals would involve expert external review groups. The funding, start times, duration and reporting requirements would all be appropriately scaled for each tier, as shown in Table 3 . This potential tiered structure for the LDRD program will be more fully developed in Phase 2.
D. Phase 2: Review and Approval of LDRD projects
In Phase 2 we will develop ideas for improving the review and approval process. The major issues are: which elements of the LDRD program will benefit most from external review? How can the costs and administrative overhead of external review be minimized? How can we select external reviewers that provide an objective evaluation, rather than act as champions or advocates of a particular technology? And finally, can we provide better guidance to external review panels that will enhance the value of their evaluations? Preliminary thoughts about the major issues associated with the use of external review in the LDRD program are outlined in Table 4 . 
Concluding Comments
The LDRD program at the DOE national laboratories is essential to ensuring that the United States continues as a world leader in high technology and scientific research. At Sandia, it is essential to assuring our continued technical vitality and to our ability to attract and retain the highest quality researchers. The Phase 1 review of the LDRD program has identified areas in where changes could enhance the ability of the program to achieve its promise. In Phase 2 we will continue to explore these issues and develop ideas to address them. 
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